Ten days post-treatment, four root samples (representing four independent biological 1 3 5 replications) from both P100 and P1 treated plants were collected for RNA extraction and 1 3 6 analysis as described by Oono et al. (2011) . The sampled roots were mixed samples containing together with another eight samples (four from P1 and four from P100) were used for root 1 3 9 metabolome analysis. When sampled roots for RNA and metabolite extraction, the roots were 1 4 0 6 quickly washed and water-removed and then immediately placed in liquid nitrogen. Additionally, 1 4 1 eight plants (two treatments, four replicates) were used for studies of root morphology, root 1 4 2 organic anions and biomass determinations after four weeks of different P treatments. All the 1 4 3 plants were in vegetative growth phase, with tiller but before heading. with deionized water to remove the nutrient solution. The whole root system was then placed into 1 4 7 ultrapure Milli-Q water (Millipore, Billerica, MA, USA) in a container to collect root exudates 1 4 8 7 Sequence processing and analysis 1 7 1 A total of 215,087,481 paired-end short read sequences were quality checked, trimmed and de 1 7 2 novo assembled using CLC Genomics Workbench v9.01 (QIAGEN Aarhus, Denmark), 1 7 3 generating 207017 contigs, with a maximum contig length of 13,319 nt, a minimum contig length 1 7 4 of 200 nt and a mean contig length of 801 nt (Table 1) . Gene expression was calculated and 1 7 5 normalized using RPKM (Reads Per kb per Million reads). Differential expression between P1 1 7 6 and P100 was analyzed by t-tests and up-/down-regulation of genes was considered to be 1 7 7 significant if equal or greater than two-fold (p < 0.05). Totally, 41,679 transcripts were filtered 1 7 8 out and selected to be de novo Oat Root Transcriptome (dnORT), used as a reference for further 1 7 9 analysis. The dnORT sequences were a combination of the differentially expressed transcripts, as template in a 20 µl qPCR reaction consisting of 0.8 µM primers. After initial denaturing at 1 9 0 95°C for 5 min, the reaction was followed by 40 cycles at 95°C for 15 s, 61°C for 15 s and 72°C to examine significant differences between P1 and P100 treatments. Heat maps were generated in 1 9 9
Heml 1.0: Heatmap illustrator as described by Deng et al. (2014) . following vortexing, samples were centrifuged (5 min, 14000 rpm) to facilitate phase separation. Alkane-Mix (n-alkanes: C10, C12, C15, C18, C19, C22, C28, C32, and C36)), and further shaken 2 1 7
(30 min, 37 ºC). GC-MS was undertaken using an Aligent CP9013 column in an Agilent 2 1 8 6890N24 gas chromatograph, coupled to a Pegasus III, similar to that previously described 2 1 9 (Dethloff et al., 2014; Erban et al., 2007; Wagner et al., 2003) . Measurements were undertaken 2 2 0 both splitless and split (1/30) from an injection volume of 1 µL, with bulk metabolites reaching 2 2 1 the upper detection limit in split-less measurements evaluated from split data. Retention indices 2 2 2
were calibrated based on added n-alkanes (Strehmel et al., 2008) . Chromatograms were visually controlled, baseline corrected and exported in NetCDF format 2 2 4
using ChromaTOF. Further data processing and compound identification was performed with TagFinder (Luedemann et al., 2008) and by matching to the Golm Metabolome Database (GMD, http://gmd.mpimpgolm.mpg.de/; Kopka et al., 2005; Schauer et al., 2005) , and the NIST08 by Mann-Whitney false discovery rate (FDR) correction at α< 0.05, due to non-normal 2 3 8 distribution (as shown by PCA analysis) of the metabolite data. The plant phenotype and root released organic anions were examined to study the effects of P To assess whether differential expressed transcripts could be confirmed by an alternate method, 3 0 1 14 transcripts were selected and analysed by qRT-PCR using primers listed in Table S5 .
Transcripts known to be up-regulated in response to phosphate starvation, i.e. PHO2, PAP3, trend of changes in 11 (79%) were consistent with the RNA-seq data (Fig. 6 ). To assess the effects of gene expression in oat roots on overall metabolism, nonbiased metabolite 3 1 2 profiling of oat roots was performed using GC-MS. We detected and identified 82 metabolites in 3 1 3
oat roots subjected to P1 and P100, as provided in Table S6 . ( Table 4 and Table S6 ).
PCA analysis of metabolite data using all 82 known metabolites as well as 22 alternative 3 2 1 metabolites and 39 mass spectral metabolite tags (MSTs) indicated that PC1 nicely defines the 3 2 2 difference between two groups and represents about 35.8% of the variation (Fig.7) . However, can be observed, which probably suggested different levels of P deficiency in oat roots and some 3 2 5
P100 treated plants might be suffering P deficiency due to rapid depletion of P in the solution. After FDR correction, only five metabolites showed significant differences between P1 and P100 3 2 7 roots: phosphoric acid, mannose-6-phosphate, glucose-6-phosphate, glucopyranose and myo-3 2 8
inositol-phosphate, which indicated that the central metabolism might be stable in oat roots after 3 2 9
10 days of P deficiency. Regarding the organic acids, all identified organic acids showed P1/P100 3 3 0 ratios lower than 1 except for citric and malic acids, which showed P1/P100 ratios of 1.08 and 3 3 1 1.23, respectively (Table 4 and Table S6 ). of the main cereal crops in the world, is of high interest for optimizing future oat production. Hydroponics as a root environment influences root architecture, in particular root elongation studies have suggested that root exudation by plants grown in hydroponics is different from root 3 4 0 exudation by plants grown in soil (Neumann et al., 2009; Wang et al., 2015 Wang et al., & 2016 . RNA-seq analysis also benefits from removing the influence of these variables on gene Oono et al. (2011 & 2013) concluded that the highest number of responsive transcripts was 3 4 7
observed in roots at 10 days after P deficiency in rice and wheat, while the plants' morphological and physiological responses to P deficiency become prominent at around 30 days of P starvation 3 4 9 (Cheng et al., 2014; Oono et al., 2011; Wang et al., 2015) . Hence, we studied transcriptome and 3 5 0 metabolome, and root morphology and exudates at different time points (i.e., 10 days for RNA 3 5 1
and metabolome samples and two or four weeks for root exudates) after the P1 and P100 while the others were mainly long-term P deficiency responses.
3 5 4
Based on our physiological analysis, we did not detect any organic anion exudation after two 3 5 5
weeks of P-deficiency in oat. This might be due to: 1) the extracted organic anions were below 3 5 6 the detection limit; 2) root released organic anions were affected by the plant developmental stage (Aulakh et al., 2001; Watt and Evans, 1999; Wang et al., 2017) . Following four weeks of P- appeared to be a late response to P starvation in oat. Given that production and exudation of 3 6 7 organic anions is a more carbon-costly process than other pathways (e.g., the production of root 3 6 8 hairs and lateral roots) for plants (Lynch, 2007; Whipps, 1990) , it might be economical to release 3 6 9
organic anions just at a certain stage. Transcripts encoding PEPC and malate synthase from a glyoxylate-like cycle, which are 3 7 1 involved in organic anion production, as well as sequences assigned to citrate and malate efflux expression of enzymes involved in organic acid metabolism, but this is unlikely to be the case in 3 8 5
the current study since no organic anion exudation was detected yet when we sampled RNA. In white lupin, enhanced levels of citrate were observed in roots (2.2 fold) and cluster roots 3 8 7
(7.6 fold) after 22 days P deficiency, whereas after 14 days P deficiency the changes were 1.4 and 3 8 8
3.5 fold, respectively (Müller et al., 2015) , suggesting that changes in the metabolome mainly 3 8 9
occurred after long-term P deficiency. Our oat root metabolome analysis indicated that most 3 9 0 organic acids showed a general reduction after 10 days of P deficiency, which corresponded well 3 9 1 with common bean roots after 21 days of low-P treatment (Hernández et al., 2007) , while slight 3 9 2 (but not significant) increases in citric and malic acids were detected in our study. Previous , 1994; Koyama et al., 2000; Watt and Evans, 1999; Wang et al., 2013) . However, et al., 1998; Ryan et al., 2001; Watt and Evans, 1999) . Rather, transporters are 4 0 5
likely to be the most important regulators of organic anion exudation (Ryan et al., 2001) . We Among the known genes expressed in P deficiency, a highly conserved PHR1-IPS1- 2009; Oono et al., 2013) . PHR1 (PHR2 in rice) is a MYB-type transcription factor, acting as a 4 1 5 key factor in regulating downstream P deficiency responsive gene expression. Both AtPHR1 and 
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